a Hydrotropes are compounds able to enhance the solubility of hydrophobic substances in aqueous media and therefore are widely used in the formulation of drugs, cleaning and personal care products. In this work, it is shown that ionic liquids are a new class of powerful catanionic hydrotropes where both the cation and the anion synergistically contribute to increase the solubility of biomolecules in water. The effects of the ionic liquid chemical structures, their concentration and the temperature on the solubility of two model biomolecules, vanillin and gallic acid were evaluated and compared with the performance of conventional hydrotropes. The solubility of these two biomolecules was studied in the entire composition range, from pure water to pure ionic liquids, and an increase in the solubility of up to 40-fold was observed, confirming the potential of ionic liquids to act as hydrotropes. Using dynamic light scattering, NMR and molecular dynamics simulations, it was possible to infer that the enhanced solubility of the biomolecule in the IL aqueous solutions is related to the formation of ionic-liquid-biomolecules aggregates. Finally, it was demonstrated that hydrotropy induced by ionic liquids can be used to recover solutes from aqueous media by precipitation, simply by using water as an anti-solvent. The results reported here have a significant impact on the understanding of the role of ionic liquid aqueous solutions in the extraction of value-added compounds from biomass as well as in the design of novel processes for their recovery from aqueous media.
Introduction
Advances in the dissolution of poorly soluble compounds in aqueous media play an important role in the formulation of drugs, cleaning agents and personal care products. [1] [2] [3] [4] Moreover, they are also of pivotal relevance in related industrial processes, such as crystallization and purification. 5 Hydrotropes are compounds used to increase the concentration levels of hydrophobic solutes in aqueous solutions. Their ability to dramatically increase the solubility of sparingly soluble organic compounds in water has already been demonstrated. 6, 7 They are a class of highly water soluble salts or molecules characterized by an amphiphilic structure. Conventional hydrotropes used by industry are typically composed of a phenyl (hydrophobic part) attached to an anionic group (hydrophilic part) where ammonium, calcium, potassium or sodium act as counter ions. 4 Although hydrotropes are used to improve the solubility of poorly soluble compounds in water they are not surfactants; the apolar part, or the hydrophobic moiety, of hydrotropes is smaller than that in traditional surfactants and they do not form micelles; nor do they present a critical micellar concentration (CMC) in the absence of a solute. 8, 9 In addition to the increase of the solubility, hydrotropes may also play a role in the stabilization of aqueous solutions, in the tailoring of their viscosity, and in modifying the liquid-liquid phase separation temperatures. 5 The hydrotropy phenomenon was first reported by Neuberg in 1916 . 7 The author demonstrated the increased solubility of sparingly soluble compounds in water by addition of alkali metal salts of various organic acids with short alkyl chains.
Although a large body of work during the past century has addressed this phenomenon, its mechanism of action is still not fully understood. 7 In the past few decades, three main theories to justify the increased solubility of target compounds in water by the role of hydrotropes have been proposed. 2 Some lisation results from changes in the nature and structure of the solvent, i.e., that a disruption of the water structure induced by the hydrotropes occurs, allowing an increase in the solubility of the molecule of interest; the formation of solute-hydrotrope complexes has also been proposed to explain the enhanced solubility. [14] [15] [16] [17] According to this theory, the increase of solubility is the result of a collective molecular phenomenon that takes place by the formation of molecular complexes between the hydrotrope and the solute. [14] [15] [16] [17] More recent studies [18] [19] [20] [21] [22] [23] [24] proposed that the co-aggregation of the solute with the hydrotropes is the main mechanism behind the enhanced solubilisation observed. Hydrotropes are interesting compounds from a green chemistry perspective as they can replace hazardous co-solvents and present, in general, a low toxicity and have a low bioaccumulation potential -their octanol-water partition coefficients, due to their hydrophilic nature, are usually lower than 1.0. 25 Moreover, since the solubility of a solute in aqueous media depends on the concentration of the hydrotrope, their recovery can be easily achieved using water as the anti-solvent (the greenest of all solvents). In this context, the purity of the final product can be greatly improved by further washing with water. 26 The good solvation ability of ionic liquids (ILs) for a wide range of solutes is well-known, and therefore, they have been proposed as potential substitutes for the conventional organic solvents employed in extraction and separation processes. [27] [28] [29] It has been shown that in aqueous solution the nanostructure of ILs is, to a fair extent, maintained at concentrations as low as 0.1 mole fraction, and that IL-based aqueous biphasic systems display a tailored and remarkable extraction performance for a wide variety of compounds when compared with conventional polymer-based systems. 30 Furthermore, while aqueous solutions of ILs have been shown to be good solvents for the extraction of value-added compounds from biomass, 31 the use of ILs as hydrotropes has never, to the best of our knowledge, been previously described or investigated. Previous studies on the use of ILs for the extraction and purification of phenolic compounds, such as gallic acid and vanillin, have been reported. 28, 29, [32] [33] [34] The large interest in vanillin results from its relevant properties for the human health, namely due to its antioxidant, anti-inflammatory, radical scavenger and antimicrobial characteristics. 29 Likewise, gallic acid is a phenolic compound with important properties in the health and nutrition fields because of its anti-inflammatory, antibacterial, antifungal, antioxidative, phytotoxic and radical scavenging activities. 28, 35 These biomolecules are present at high concentrations in a variety of biomass sources, such as fruits, vegetables and wood, and also in many residues from industrial or agricultural activities. 25, [36] [37] [38] Their extraction from natural sources is usually carried out with mildly polar solvents such as alcohols, 39, 40 due to their low solubility in water (the solubility of vanillin in water is 12.78 g L −1 and that of gallic acid is 12.14 g L −1 at room temperature). 41 Although no previous studies on the hydrotropic solubilization of gallic acid have been reported, the solubility of vanillin in aqueous solutions is already recognized to increase in the presence of typical hydrotropes, such as nicotinamide, sodium salicylate, resorcinol and citric acid. 42 With the amphiphilic behaviour of ILs in mind, 43 which seems to be the driving force behind their ability to dissolve a wide range of compounds, the potential of ILs to act as hydrotropes was here investigated based on their ability to enhance the solubility in water of two phenolic compounds, namely vanillin and gallic acid, whose structures are depicted in Fig. 1 . The hydrotropic behaviour of ionic liquids was here evaluated by comparing the solubility of the two antioxidants in aqueous solutions of ILs with that in pure water, pure ILs, and aqueous solutions of common hydrotropes and some salting-in inducing salts, such as sodium benzoate, sodium citrate and sodium thiocyanate. The molecular-level mechanism of the hydrotropicity induced by ionic liquids is also proposed and discussed here based on experimental evidence obtained from dynamic light scattering (DLS) and NMR experiments and molecular dynamics simulations. Finally, the importance and relevance of the results obtained here are discussed in terms of their applicability in extraction and purification processes of biomolecules from biomass sources, where the design of novel cost-effective and environmentally friendly processes could be envisaged.
Experimental section
Chemicals A large variety of ionic liquids (ILs) was studied in this work to cover the effects of the cation and anion type and the cation chain length. The ILs investigated are 1-ethyl-3-methylimidazolium chloride, [C 4 Vanillin, >99 wt% pure, was supplied by Acros and gallic acid, >99.5 wt% pure, was acquired from Merck. Both antioxidants were used as received.
The water employed was double distilled, passed across a reverse osmosis system, and further treated with a Milli-Q plus 185 water purification apparatus.
Solubility of antioxidants
Each antioxidant (vanillin and gallic acid) was added in excess amount to each IL aqueous solution, pure water or pure IL, and was then equilibrated in an air oven (at given temperatures (±0.5 K)) under constant agitation using an Eppendorf Thermomixer Comfort equipment. Previously optimized equilibration conditions were established: a stirring velocity of 750 rpm and an equilibration time of at least 72 h. After the saturation was reached, all samples were centrifuged at the same temperature of equilibration in a Hettich Mikro 120 centrifuge during 20 minutes at 4500 rpm to separate the macroscopic solid and liquid phases. After centrifugation, all samples were put in an air bath equipped with a Pt 100 probe and a PID controller at the temperature used in equilibrium assays during 2 h. Then, the samples of the liquid phase were carefully collected and diluted in ultra-pure water, and the amount of vanillin and gallic acid was quantified by UV-spectroscopy using a SHIMADZU UV-1700, Pharma-Spec spectrometer at a wavelength of 280 nm and 262 nm, respectively, using calibration curves previously established. In all experiments, control samples at the same compositions, but without antioxidant, were used. At least three individual samples were quantified for each mixture and temperature. However, in some systems, the mixture composed of antioxidant, IL and water created a biphasic liquid-liquid system. In these situations, the amount of IL and vanillin in both the top and bottom phases was quantified by UV-spectroscopy as described before.
Dynamic light scattering (DLS)
To evaluate the presence of IL-solute aggregates, as well as to determine their size, solutions composed of [C 4 C 1 im][TOS], water and vanillin were analysed by dynamic light scattering (DLS) using a Malvern Zetasizer Nano-ZS from Malvern Instruments. Samples were irradiated with red light (HeNe laser, wavelength of 565 nm) and the intensity fluctuations of the scattering light (detected at a backscattering angle of 173°) were analysed to obtain an autocorrelation function. The respective software (DTS v 7.03) provides the particles' size average and their distribution. The radii of each aggregate were determined from the DLS measurements using the Stokes-Einstein equation assuming spherical aggregates, and a low volume fraction of the dispersed phase. Consequently, the determined values must be considered with caution and regarded as approximate ones. Samples were measured in disposable polystyrene cuvettes at a temperature of 298 K. Data were then acquired in the automatic mode, ensuring that enough photons were accumulated for the result to be statistically relevant. The software also incorporates a 'data quality report'. The solution viscosities and refractive indexes were previously measured by the DLS measurements.
Two types of experiments were carried out. In the first set, aqueous solutions of 0.80 mol kg [SCN], were tested using molecular dynamics (MD) simulations. They were parameterized using the CL&P atomistic force field, [44] [45] [46] which is an extension of the AMBER and OPLS force fields 47 specially designed to study ionic liquids and their homologous series. The water and vanillin molecules were modeled using the SPC model 48 and the OPLS force field, respectively. Molecular dynamics simulations were carried out using the DL_POLY 2.20 package. 49 The runs were performed with cubic boxes ion pairs mixed with 4600 water molecules. The vanillin-water mixture was modeled using 100 vanillin molecules and 4600 water molecules. Finally, the vanillin-IL-water systems were modeled using the aforementioned quantities of IL and vanillin mixed with 4600 water molecules. All simulations started from low-density configurations that were subjected to equilibration runs under isobaric isothermal ensemble conditions ( p = 0.1 MPa and T = 373 K with Nosé-Hoover thermostats and barostats with relaxation time constants of 1 and 4 ps, respectively). After 1.3 ns, the density of each system reached constant and consistent values, indicating that equilibrium had been attained and possible ergodicity problems had been overcome. Finally, several (at least six) consecutive production stages of 1.0 ns each were performed, and the combined results were used for the interaction, structural and aggregation analyses of the studied systems.
Interaction and structural analyses
The pair radial distribution functions g ij (r) between selected pairs of atoms or interaction centers were calculated up to r = 2.5 nm distances in the usual way. 50 Total static structure factors, S(q), were also calculated from the MD trajectory data using a previously described methodology. 51 
Aggregation analyses
The aggregation analyses of the [
ILs and their mixtures with water and vanillin focused on five types of issues: (i) the evaluation of the connectivity between the charged moieties of the molecular ions that compose the so-called polar network; (ii) the estimation of the interactions between the IL ions and the water molecules; (iii) the calculation of the aggregation state between the IL alkyl side chains; (iv) the evaluation of the connectivity among the vanillin molecules and an estimation of their aggregate size; and (v) the calculation of the connectivity between the IL ions and the vanillin molecules. All these types of connectivity analyses are based on previously described algorithms 52, 53 that generate neighbor lists for selected interaction centers, in a three-stage sequential process: first, the different types of interaction centers are defined. In the analyses of type (i), the selected interaction centers are the center of mass of the imidazolium ring of the cation (im) and the center of mass of the anion. For type (ii) analyses we have selected the oxygen atom of the water molecule and all nitrogen atoms of the [N(CN) 2 ] anion or the nitrogen and sulfur atoms of the [SCN] anion. Type (iii) analyses were conducted considering all the carbon atoms of the butyl chain of the cation, except the carbon atom directly connected to the imidazolium ring. For type (iv) analyses the selected interaction centres are all non-hydrogen atoms in the vanillin molecules. Finally, type (v) analyses were conducted by selecting all non-hydrogen atoms in the cation or the anion of the IL and all non-hydrogen atoms in the vanillin molecule. Second, a connectivity threshold for each case is established by considering the corresponding g ij (r) data between the selected interaction centres. 52 In case (i), such a threshold was set to 0.8 nm, corresponding to the first coordination shell limit of the g ij (r) data between the center of mass of the imidazolium ring of the cation (im) and the center of mass of the anion. In case (ii), the threshold was set to 0.35 nm (based on the water-anion correlation data), and in cases (iii)-(v) the threshold was set to 0.5 nm, corresponding to average intermolecular contact distances between non-hydrogen atoms evaluated from the corresponding g(r) functions. Third, the use of the threshold criteria allows the computation of closest-neighbor lists for each interaction center for all recorded configurations in the MD trajectories, thus ascertaining the connectivity between the selected species. When the interaction centers belong to different species-cationanion in case (i), anion-water in case (ii) and ion-vanillin in case (v)-the analyses will yield aggregates with a built-in alternation between species (e.g., in a polar network, cations are directly connected to anions and vice versa). In the case of interaction centers belonging to species of the same typebutyl-butyl in case (iii) and vanillin-vanillin in case (iv)-the corresponding aggregates correspond to clusters containing a single type of molecule/residue.
Finally, five different statistical functions were used to characterize the network/aggregates that emerge from the connectivity lists. 52, 53 These include (i) P(n a ), the discrete probability distribution function of finding a given interaction centre in an aggregate of a given size (composed of n a species); (ii) N i , the average number of first-contact neighbors of an interaction centre; (iii) N i (n a ), the average number of neighbors within an aggregate of size n a ; (iv) R d (n a ), the ratio between the longest distance between two atoms belonging to the same aggregate of size n a and the simulation box diagonal; and (v) R V (n a ), the ratio between the apparent volume of an aggregate of size n a and the volume of the simulation box. These five statistical tools have been introduced and described in more detail elsewhere. 52 
Results and discussion
Aiming at investigating the potential of ILs to act as hydrotropes, the solubilities of vanillin and gallic acid were determined in several aqueous solutions with variable concentrations of ILs and compared with the results obtained with common hydrotropes and salting-in inducing salts. The solubilities of vanillin and gallic acid at 303 K in pure water, measured in this work, are (11.12 ± 0.03
and (14.
, respectively, and are in good agreement with data previously reported in the literature. 41, 54, 55 All the detailed data along with the respective standard deviations are presented in ESI- Table S2 . †
Effect of the IL concentration
The phenomenon. While the MHC concept has been extensively used in the interpretation of the hydrotropic behaviour, it has recently been dismissed by several authors that relate it with less accurate experimental measurements (as demonstrated by Subramanian and Anisimov, [58] [59] [60] showing that "droplets in aqueous solutions of hydrotropes are caused by the contamination of the non-ionic hydrotrope by trace amounts of hydrophobic impurities") or to a faulty interpretation of the experimental data. 57, 61 Russo and Hoffmann 57 also showed that NMR chemical shift and surface tension data are not applicable to determine the MHC of short-chained ILs. According to these authors, 57 these compounds "form aggregates of less defined size and shape and in more gradual concentration dependent transitions than is known to occur for surfactant molecules". Attempts made in this work to establish the MHC of some [C n C 1 im]Cl, with n ≤ 6, by surface tension measurements confirm the results reported by Russo and Hoffmann
57
(cf. ESI- Fig. S2 †) .
Effect of the IL chemical structure
In the studies reported hereafter, aqueous solutions of ILs with concentrations up to 1.6 mol kg −1 (hydrotrope/water) were used to study the impact of the IL structural features upon its ability to enhance the solubility of the investigated antioxidants.
The results for a range of ILs and salts on the solubility of vanillin at 303 K are depicted in Fig. 5 . The results for gallic acid are similar and are presented in ESI- Fig. S4 . † These results emphasize the role of the ILs' chemical structure on their performance as hydrotropes, while highlighting their superior capability when compared with conventional hydrotropes and salting-in inducing salts, e.g., Na[C 6 For a more detailed analysis of the IL structural features (anion nature, cation core and cation alkyl side chain length), the Setschenow equation 62 was used:
where S and S 0 are, respectively, the solubility (mol kg mol). The hydrotropy constants, K Hyd , were estimated for each system studied and are reported, along with their standard deviations, in Table 1 . The higher the K Hyd values, the higher is the ability of a given compound to act as a hydrotrope. The hydrotropic capacity of the different ILs and salts on the solubility of vanillin follows the order: Na[
. This pattern reflects the effects of the cation core, anion nature and alkyl side chain length in ILs through their ability to act as hydrotropes. Furthermore, the results obtained for gallic acid allow the evaluation of the effect of a broad range of cation families and anions upon the hydrotropic effect. The hydrotropy effect increases in the following order:
. A detailed discussion on the effect of the chemical structures of the ionic liquid cations and anions is presented below.
Effect of the ionic liquid cation
As depicted in Fig. 6 , the solubilities of vanillin and gallic acid decrease only slightly in the presence of NaCl, reflecting thus the weak salting-out effect of this inorganic salt. This trend suggests that neither Na + nor Cl − has a significant effect on the solubility of the two antioxidants in water as Na + and Cl − are both ranked in the middle of the Hofmeister series. 63 Therefore, in order to better evaluate the isolated impact of given cations and anions, a series of sodium salts and chloride ILs were used in this work. The various cations studied cover aromatic (imidazolium and pyridinium), cyclic non-aromatic ( piperidinium and pyrrolidinium), and non-cyclic non-aromatic ( phosphonium and ammonium). Fig. 6 depicts the values of the hydrotropy constants obtained for the solubility of vanillin and gallic acid in aqueous solutions of Cl-based hydrotropes. With the exception of the cholinium-based IL that seems to present only a small effect upon the solubility of gallic acid (K Hyd = 0.323 kg −1 mol), all other IL cations lead to an important hydrotropic effect. It should be remarked that the quaternary ammonium-and phosphonium-based ILs have opposite effects on the solubility of vanillin and gallic acid. Although the formation of solute-hydrotrope complexes based on π⋯π interactions has been used to explain the hydrotropy concept, 14 reported in Table 1 , also clearly emphasize that the solute specificity of the hydrotropes can be of high value to design extraction and purification processes. In eqn (2), K HydVan and K HydGA are the hydrotropy constants (kg −1 mol) of vanillin and gallic acid respectively. The results reported here reveal that, while most common hydrotropes present aromatic anions in their constitution, the hydrotropic effect can be induced by both aromatic and nonaromatic cations. There are few cationic hydrotropes known, 1 and only in the past few years some sparse studies using quaternary ammonium-based salts were reported. [70] [71] [72] In summary, the results obtained here clearly support that ILs may constitute a novel series of cationic hydrotropes. Effect of the cation alkyl side chain length (1) and all the compounds have a similar impact on the solubility irrespective of their alkyl side chain lengths. These two patterns suggest that two different mechanisms of enhanced solubility are at play in these systems. For the lighter compounds ([C n C 1 mim]Cl, n = 2-6) the hydrotropic behavior is witnessed. As it results from the formation of co-aggregates between the solute and the hydrotropes, as discussed below in more detail, the hydrotropic efficiency increases with the cation alkyl chain length. 2, 56, 73 However, for ILs with self-aggregation ability in aqueous solution (above [C 8 C 1 im]Cl 74 ), the hydrotropy is replaced by a micellar solubilization mechanism. For these compounds, the enhancement of solubility is very active at low concentrations of IL, close to the critical micellar concentration, but seems to quickly saturate at around 0.2 mol kg −1 , above which a much weaker effect on solubility is observed. Indeed, for higher hydrotrope concentrations (around 1-1.2 mol IL kg water −1 ), the hydrotropic effect of [C 6 C 1 im]Cl upon the solubility of vanillin becomes more important than that observed with ILs of longer alkyl side chains. These results are in good agreement with the results of Shimizu and collaborators 23, 24 that, based on the KirkwoodBuff (KB) theory of solutions, showed that "micelle formation reduces the solubilization efficiency per hydrotrope molecule".
Effect of the ionic liquid anion
Most of the industrially used hydrotropes are anionic, and often contain a phenyl group. 4 Along with the evaluation of ILs as hydrotropes, the effect of some common hydrotropes was also ascertained. According to the results presented in Table 1 and Fig. 8 , the only salts that seem to display hydrotropic activity for both biomolecules are sodium benzoate (K Hyd of 0.514 kg These results again confirm that the hydrotropicity may be strongly solute dependent, allowing thus the design of an extraction process based on the hydrotrope selectivity. On the other hand, sodium chloride and sodium thiocyanate have no significant effect upon the solubility of the two antioxidants even with the latter inducing a slight salting-in behaviour.
Most conventional hydrotropes have ammonium, calcium, potassium or sodium as counter ions, 4 but the effect of the counter ion has been seldom explored. However, the results reported here reveal that the role of the counter ion could be highly relevant, as demonstrated by the K Hyd values presented in Table 1 . For vanillin, the hydrotropic efficiency of the anion of the [C 4 C 1 im]-based ILs follows the series:
while for gallic acid, the trend on the enhanced solubility by [C 4 C 1 im]-based ILs follows the rank:
Knowing that NaCl induces a minor salting-out of gallic acid and vanillin in aqueous media, the anions in compounds displaying a K Hyd lower than chloride have thus a deleterious effect on the cation hydrotropicity. Chloride and all the anions to its left in these series do not present a hydrotropic behaviour and thus do not contribute to enhance the solubility of the studied biomolecules. Dicyanamide and tosylate anions display, however, the opposite effect. Tosylate, a common name for p-toluene sulfonate, is indeed a well-known hydrotrope; [1] [2] [3] [4] yet, the action of [N(CN) 2 ] − as hydrotrope is, to the best of our knowledge, reported here for the first time.
Both anions contribute to a further enhancement of the cation hydrotropicity in a synergistically, almost additive, manner. While in the previous section it was shown that ILs are a novel class of cationic hydrotropes, these results suggest that when combined with an anion with a hydrotropic capacity, an even more powerful catanionic hydrotrope is generated.
As shown in Fig. 3 and 8 , the hydrotropic effect of the studied compounds is, in general, stronger on the solubility of vanillin than on the solubility of gallic acid. The K ow of vanillin is 1.22 75 while for gallic acid it is 0.72, 75 suggesting that the hydrotropic solubilisation may be more effective for more hydrophobic solutes. Yet, this general rule may be overruled by specific interactions that could explain the significant differences in solubility observed between the two compounds, suggesting that the hydrotrope-solute interactions on the gallic acid aggregates are of a different nature than those with vanillin, being this the cause for the hydrotrope selective enhancement of solubility. The results reported in Table 1 suggest also that the cation and the anion may have different roles in the hydrotropy, with the cation effect being dominated by the hydrophobicity of the solute while the anion seems to present specific interactions. This may however be related to the specific nature of the solutes studied here and their hydrogen bond donor abilities that can be matched by the anions' hydrogen bond acceptor nature that is absent in the cations. In summary, the results reported here clearly show the capability of ILs to act as hydrotropes selectively enhancing the solubility of each compound depending on the IL characteristics, on the solute hydrophobicity and, in general, on how the solute interacts with and participates in the formation of aggregates in aqueous solutions of ILs as discussed below.
A curious and unexpected outcome was observed for some of these mixtures for which, above a critical concentration of IL, a biphasic system was formed as shown in Fig. S6 (cf. the ESI †). The systems, for which two phases were observed, are reported in Table 1 . As the solute does not present a saltingout inducing nature, which could explain the biphasic system formation in the same light of the formation of IL-based aqueous biphasic systems (ABS), 30 the coexisting phases were quantified by UV-spectroscopy, and NMR spectroscopy was employed to understand the phase separation and shed further light on the mechanism of hydrotropicity evidenced in this work. To gather further insights into the molecular-level mechanisms responsible for the phase separation at given concentrations of hydrotrope and antioxidant, NMR spectra were collected for each phase. All the systems analysed further confirm that, unlike for IL-based ABS, there is not a significant separation of the IL and demixing inducer between the two aqueous phases. These observations suggest that, unlike the pure IL that is hydrophilic and thus completely water miscible, the IL + solute aggregates, whose presence is demonstrated and discussed below, are of a different nature, being more hydrophobic and not fully water miscible, leading therefore to the formation of two liquid phases: one water-rich phase with little solute and hydrotrope (IL) and another phase rich in hydrated IL where the biomolecules are highly soluble.
Effect of temperature
The temperature impact on the hydrotropic solubility of the biomolecules investigated was also evaluated. Table S3 . † In general, a significant increase in the solubility of vanillin with an increase in temperature is observed. This enhanced solubility promoted by hydrotropes is even more striking when compared with the increase of the solubility of vanillin in water with temperature, which is quite low as shown in ESI- Fig. S7 . † This trend, resulting from a decrease in size and an increase in the number of aggregates with temperature as revealed by DLS, suggests that the effects of the hydrotrope concentration and temperature can be combined to achieve a maximum effect at both the solubilisation and the recovery of the solute, as discussed below.
Dynamic light scattering
In order to probe the mechanism of hydrotropy previously highlighted, some of the aqueous solutions containing vanillin and hydrotropes were analysed by dynamic light scattering (DLS). This study started by the evaluation of the presence of aggregates in aqueous at evaluating the change in the size of aggregates at a fixed vanillin/IL ratio. As shown in Fig. 10 , an increase in the size of aggregates with the vanillin/IL concentration is also observed. These results clearly establish the presence of aggregates in aqueous solution, but only when both the hydrotrope and vanillin are present, and show that the molecular mechanism which dominates the hydrotropy is related with the formation of hydrotrope-solute aggregates. Dhinakaran et al. 42 proposed that the increased solubility of vanillin in conventional hydrotrope solutions is justified as a collective molecular phenomenon, possibly occurring by the aggregation of the solute with the hydrotrope due to improved hydrogen-bonding. The most detailed and comprehensive studies on the hydrotropic solubilisation were recently reported by Shimizu and coworkers. 10, 23, 24 They clearly established, based on the interpretation of experimental data using the fluctuation theory of solutions, that the mechanism of hydrotropic solubilisation is dominated by the hydrotrope-solute aggregation. 23 In the same line, the results reported here show that the solute molecules must take part in the aggregation process of the hydrotrope, thus forming co-aggregates with the hydrotrope molecules in aqueous solution. The formation of a stable coaggregate depends on the molecular structure of both cations and anions, as well as on the functional group(s) of the solute, that would control their interactions further responsible for the formation of stable aggregates. The variation of the aggregate size when the ratio of vanillin/IL is changed (yellow circles in Fig. 10 ) or kept constant (green triangles in Fig. 10 ) suggests however that the aggregate formation does not result from a stoichiometric complex between vanillin and the IL, unlike what was previously observed by some authors for the solubility of benzene in aromatic ILs.
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Nuclear magnetic resonance suffer no effect from the IL in a much broader concentration region, the effect of the vanillin upon the IL is quite significant.
While the protons on the polar region further increase their deviations from what was observed due to the mixture with water, suggesting that novel polar interactions between the vanillin and the ring protons are happening, and as will be confirmed below by the MD simulations, the chemical shifts of the protons on the alkyl chain have the opposite behaviour, with their deviations decreasing and approaching the values for the pure IL, suggesting thus that the environment of the alkyl chains becomes again less polar. These results suggest that the chains may be interacting with the nonpolar regions of vanillin or organizing themselves into non-polar domains. The molecular picture that can derive from the 1 H NMR spectra is one of reorganization of the IL cations in solution due to the presence, and their interactions with, vanillin molecules.
Molecular dynamics simulations
The existence of co-aggregates between the hydrophobic solute and the IL ions in aqueous solution was further probed by molecular dynamics simulations. Three types of model system were considered: (i) aqueous solutions containing the hydrotrope (ILs based on the 3-butyl-1-methylimidazolium cation combined with either the thiocyanate or the dicyanamide anions, [
(ii) aqueous solutions containing the vanillin hydrophobic solute; and (iii) aqueous solutions containing both the hydrotrope and the hydrophobic solute species. Simulation boxes containing the pure IL were also produced in order to act as a reference for the aggregation patterns of the ionic species. All molecules/ ions were modelled according to well-known and tested atomistic force-fields commonly used for mixtures of ionic liquids with molecular solutes/solvents (cf. the Experimental section). In order to match the concentration ranges of the aqueous solutions tested experimentally, we used simulation boxes vanillin molecules in 4600 water molecules (this is well above the solubility limit of vanillin in pure water and, as expected, the simulations yielded a vanillin-rich droplet segregated from a water-rich phase); and (iii) 100 vanillin molecules combined with 101 or 105 hydrotrope ion pairs and 4600 water molecules. Taking into account the K Hyd values listed in Table 1 ILs in water: the continuous polar network that is the hallmark of most pure ionic liquids is broken into smaller aggregates, which nevertheless can still incorporate in some cases a few tens of alternating ions-the size distribution probability functions, P(n a ), of those polar aggregates can be seen in the graphs with green bars in Fig. 12a and b .
In other words, the "dissolved and diluted" IL is not simply a set of isolated ions solvated by water molecules, but rather a series of small (and not so small) filamentous ionic strands incorporated within the liquid water matrix. Aggregate analyses of those strands show that the number of neighbours of each ion in a given strand (calculated using the N i (n a ) described in the Experimental section) is never much larger than two, which confirms the non-branched and filamentous nature of the aggregates. Moreover, their estimated volume-tolength ratio, R V (n a )/R d (n a ), is generally below 0.03, which means that their shapes can be approximated to elongated prolate ellipsoids.
The incorporation of such strands in the aqueous solution can be further probed by the analysis of anion-water aggregates (graphs with blue bars in Fig. 12a and b) that show that the interactive centers of the anions (the nitrogen atoms of dicyanamide and the sulphur and nitrogen atoms of thiocyanate) undergo specific H-bond-type interactions with the hydrogen atoms of the water molecules and help to create small networks of alternating water molecules and anions that can contain a few tens of species. It is interesting to note that whereas around 80% of the water molecules do not contact any anion (at the tested concentrations the ionic liquid only occupies less than 20% of the total volume of the solution), the remainder 20% of the water molecules become part of clusters that are composed of several anions. In fact, the size distribution of the clusters mimics the distribution of the IL clusters present in the solution. In other words, the interactions between the anions and the water molecules help to stabilize those filamentous IL clusters in the midst of the aqueous solution. This complex and unique structure will play an important role in terms of hydrotropy (see below).
It must also be stressed that, unlike the polar moieties of the ions, the alkyl side chains of the cations (butyl groups in the present case) do not form noticeable aggregates. The corresponding aggregate size distribution functions (not shown) indicate that around 65% of the butyl chains remain isolated from each other, some 24% form pairs, and the remainder 11% are aggregated into clusters with just 3-5 chains. This confirms that the role of these short-tailed ILs as hydrotropes cannot be attributed to surfactant-type effects such as the possibility of micelle formation. Fig. 12c shows the above-mentioned vanillin-rich droplet segregated from a water-rich phase. In this case, the MD trajectory evolved naturally to a situation of liquid-liquid demixing (albeit at a nanometric scale due to the size limitations of the simulated system) and illustrates nicely the difference between the one-phase situation of the hydrophilic IL aqueous solutions (boxes a and b) and the two-phase split that occurs in the hydrophobic solute system (box c). It is important to note that both types of system have similar solute concentrations. The graph in Fig. 12c shows the size distribution function of aggregates containing vanillin molecules. The distribution shows that most vanillin molecules can be found in very large aggregates comprising mostly of the vanillin molecules present in the system (an example of such droplets is the one represented in the snapshot) in equilibrium with a few vanillin molecules isolated in the aqueous phase (the small bars on the left-hand side of the graph). This distribution illustrates the aforementioned phase separation. The average number of contact neighbours, N i , of a given vanillin molecule within the droplet is around 9.8. Fig. 12d and e show hydrotrope effects in action, when an aqueous solution containing an ionic liquid is mixed with vanillin. Both snapshots illustrate that the integrity of the original vanillin droplet (Fig. 12c) is broken and several fragments are solvated by the hydrotrope-water solution. Interestingly, the distribution functions of the polar aggregates and the anion-water network (green and blue graphs, respectively) show only small shifts to smaller aggregation sizes relative to the analogous functions of Fig. 12a and b . This means that the small IL strands stabilised by their water-anion interactions continue to exist in the presence of the vanillin molecules. On the other hand, the vanillin aggregate distribution functions (red graphs) show noticeable shifts relative to the situation in Fig. 12c: In order to check the origin of the hydrotrope effect one must analyse in detail the interactions between the IL strands and the vanillin molecules. Fig. 13 shows relevant aggregate distribution functions along with selected radial distribution functions that probe the intensity of different ion-vanillin interactions. Fig. 13a and b show the aggregate size distribution functions corresponding to the alternate clustering of 1-butyl-3-methylimidazolium cations and vanillin molecules.
The "van-cat" distribution function of Fig. 13a corresponding to the [C 4 C 1 im][N(CN) 2 ] aqueous solution shows that only 11% of the cations or vanillin molecules are not in contact with the other species and that most of them are part of very large clusters with 140 < n a < 185 (with a maximum probability around n a = 170).
These mixed cation-vanillin clusters are formed due to favourable interactions between the two species, not only dispersion forces between their less polar moieties (the butyl chain of the cation, the aromatic ring and the ether group of vanillin), but also between specific interaction centres located in each of them. One such interaction-between the oxygen atom of the hydroxyl group of vanillin (OH) and the most acidic aromatic hydrogen atom of the imidazolium ring (HCR) -is quantified in the inset of Fig. 13a that shows the corresponding pair radial distribution function. Integration below the first peak of the g(r) function shows that about 35% of the vanillin-cation contacts involve an OH-HCR interaction. The difference between the two hydrotropes is even more noticeable if one compares the vanillin-anion cluster distributions and the corresponding g(r) functions (Fig. 13c and d) .
In both situations, the vanillin-anion cluster sizes are always smaller than the corresponding vanillin-cation clusters. This is due to the fact that the anion is also involved in strong interactions with the water solvent and is responsible for the stabilization of the IL strands in the midst of the aqueous solution. Nevertheless, the dicyanamide anion is more able to form larger clusters with the vanillin molecules than its thiocyanate counterpart. Those larger clusters are a consequence of the stronger H-bond-type interactions involving the hydrogen atom of the hydroxyl group of vanillin and the nitrogen atoms of the [N(CN) 2 ] anion (inset of Fig. 13c ), relative to the same type of interactions involving the nitrogen and sulphur atoms of the [SCN] anion (inset of Fig. 13d) .
In summary, the present MD simulations can explain, from a molecular perspective, how short-chained hydrophilic ionic liquids can act as hydrotropic agents: (i) in the concentration range where hydrotrope effects are noticeable, hydrophilic ILs are not completely dissociated but form ionic aggregates (strands) of a few tens of ions; (ii) those strands are stabilized in the aqueous medium by anion-water interactions; (iii) most of the IL cations are organic in nature and can therefore interact with organic (hydrophobic) solutes. Such interactions are not confined to dispersion forces between the nonpolar moieties of the cation and the solute molecules (which can nevertheless be quite important) but can also involve other specific interactions (e.g. between H-donors and H-acceptors and π-π interactions); (iv) the formation of cation-solute aggregates will promote the dissolution of the hydrophobic solute in the midst of the ionic liquid strands; (v) since these strands are anchored to the aqueous solution via their anion-water interactions, the end result will be the dissolution/dispersion and stabilization of the organic solute molecules in the aqueous solution.
Recovery of solutes from solution
The results of enhanced solubility in aqueous solutions of ILs reported here also suggest that the high performance demonstrated by these aqueous solutions in the extraction of biocompounds from biomass 31 may be a major outcome of this enhanced solubility created by the hydrotropic behaviour of the ILs, and arise not only from the biomass disruption as commonly accepted. 76, 77 This being the case, the nature of the hydrotropic solutions discussed above can thus be used not only for the extraction but also for the recovery of the target compounds from aqueous media. Since the solubility of the antioxidants (and any other solutes) largely depends on the IL (hydrotrope) concentration, and their solubility is far superior to their saturation values in pure water, the results obtained combined with the hydrotropy concept suggest that the recovery of the solutes from the hydrotrope aqueous solution can be attained by a simple dilution with water, combined or not with a decrease of temperature.
Since the vanillin solubility is extremely sensitive to the hydrotrope concentration and temperature, as shown before, some tests on the recovery of vanillin from aqueous solution by further dilution with water were carried out. To recover the vanillin, an equal volume of water was added to the vanillin-IL-water solution aiming at decreasing the hydrotrope concentration to half its initial value. The decrease of the hydrotrope concentration in solution from 0.81 to 0.36 mol kg water −1 led to the precipitation of (59 ± 1) wt% of the initial vanillin in solution (Fig. 14) . The expected value for the vanillin recovery, calculated from the solubility curves previously measured, is 61%, which is in good agreement with the experimental results obtained.
The precipitated vanillin was recovered by filtration, washed with cold water and dried. The macroscopic appearance of the recovered vanillin is the same as the initial compound, while its purity was ascertained and confirmed by 1 H NMR (Fig. 14) .
These simple assays show how the compounds dissolved by hydrotropic action can be recovered using water as an antisolvent to induce their precipitation. This behaviour can be used with remarkable advantages in the field of IL-mediated extraction of value-added compounds from biomass. In fact, it is well-known that IL aqueous solutions are excellent solvents for the extraction of alkaloids, triterpenoids, and flavonoids, among others, from natural matrices. 31 Although several studies demonstrated the high potential of IL aqueous solutions, the isolation/purification of the target compounds as well as the recovery of the solvents for further use has been seldom studied. 31 The approach proposed here -the use of a green solvent like water as an anti-solvent -will certainly allow the design of novel strategies for the recovery of both the value-added compounds and IL solvents.
Conclusions
This comprehensive study regarding the solubility of biomolecules in aqueous solutions of ILs disclosed, for the first time, the ability of ILs to act as hydrotropes. It is clearly established here that ILs are a novel class of catanionic hydrotropes with a superior performance since both the IL cation and anion may contribute to enhance the solubility of poorly soluble compounds in aqueous solution. The overall results using DLS, NMR and MD support the idea that the enhanced solubility of sparingly soluble solutes in water is driven by the formation of solute-IL aggregates.
The results reported here are also essential for the understanding of the mechanisms which rule the high-performance extraction of biomolecules from biomass using IL aqueous solutions. It shows that contrary to what was proposed by us 76 and others, 77 the high efficiency achieved using IL aqueous solutions in the extraction of value-added compounds from biomass 31 is not only related with the disruption of the biomass structure, but also with the enhanced solubility of the target compounds in aqueous IL solutions, i.e., with the hydrotropic role displayed by ILs in aqueous media. Given the selective character of the hydrotropic effect, also revealed in this work, the use of hydrotropes further allows a selective extraction of the target compound. When using hydrotropes in the extraction of biocompounds it is possible to develop a simple and benign biomolecule recovery process, simple by using water as the anti-solvent to induce the precipitation/recovery of the extracted molecules and IL solvents. 
